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I o  SUMMARY 

The overall objective of this study program is to define 
the requirements for simulation of the radiant heating attendant 
to atmospheric entry by manned spacecraft and assessment of techniques 
for achieving this simulation. Phase I of the study was to define 
the radiant heating inputs for manned missions. Phase I1 is an 
evaluation of existing radiant heater technology. A principal 
application of radiant heaters has been their use as energy sources 
for image furnaces. As this application is closely related to the 
present problem an attempt has been made to capitalize on the 
extensive technology and data available in the image furnace field. 
Descriptive information pertaining to several other non-image fijrnace 
sources is also presetned. No attempt has been made here to rate 
or select the preferred source from those described. This will be 
done during Phase 111. Some additional information pertaining to 
the radiation heating environment is presented. This section 
also describes some problems encountered by researchers in this area 
as well as reports a new radiation heating prediction based on 
a new tool - a highly calibrated precision continuous arc source. 
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11. INTRODUCTION 

T h i s  is t h e  Phase 11, Report submitted u n d e r  c o n t r a c t  
NAS 9-3507 and covers  t h e  period of 10 November through 30 D e c e m b e r  
1964. 

A.  Program Objective 

Phase I - D e f i n i t i o n  of Radiant H e a t  I npu t s  f o r  Manned Missions 

1. T h i s  phase of the program s h a l l  inc lude  d e f i n i t i o n  and 
c h a r a c t e r i z a t i o n  of t h e  r a d i a n t  hea t ing  environment a s soc ia t ed  wi th  
manned e n t r y  i n t o  p l a n e t a r y  environments, Considerat ion sha l l  be 
given t o  re -en t ry  v e l o c i t i e s  from t h o s e  charac te r i s t ic  of Apollo 
(35,000 t o  45,000 ft/sec) t o  those c h a r a c t e r i s t i c  of manned planned 
p l a n e t a r y  miss ions  (50,000 t o  70,000 ft/sec and g r e a t e r ) .  

2. The Cont rac tor  s h a l l  i n v e s t i g a t e  and r e p o r t  h i s  f ind-  
i n g s  of s c a l i n g  and other  s imulat ion c r i te r ia  necessary f o r  p r e d i c t i n g  
mater ia l  behavior under r a d i a n t  e n t r y  hea t ing  condi t ions .  P a r t i c u l a r  
emphasis s h a l l  be placed on i n v e s t i g a t i n g  t h e  necessary sample model 
s i z e  of t h e  required s p e c t r a l  d i s t r i b u t i o n  of t h e  energy from the  
r a d i a n t  source,  and of t h e  necess i ty  f o r  programming t h e  r a d i a n t  heat 
inpu t .  

Phase I1 - Evaluat ion of  E x i s t i n g  Radiant Heater Technology 

1. A s tudy  s h a l l  be ca r r i ed  o u t  on those  r a d i a n t  sources  
which might be u t i l i z e d  i n  e n t r y  s imula t ion  f a c i l i t i e s .  T h e  follow- 
i n g  r a d i a t i o n  sources  s h a l l  be evaluated: a )  Sol id  and gas  discharge 
lamps; b) E lec t ron  beam hea te r s :  c)  Resis tance o r  induct ion heaters: 
d )  S o l a r  furnace;  e )  D i r e c t  a r c  column hea t ing .  

2 .  The eva lua t ion  of t h e  performance character is t ics  of 
t h e  sources  s h a l l  include:  a )  Maximum r a d i a n t  f l u x  a t t a i n a b l e :  b) 
S p a t i a l  and temporal uniformity of  f l u x  a t  t e s t  s e c t i o n ;  c! Spectral 
d i s t r i b u t i o n  of t h e  r a d i a n t  f lux :  d )  Compat ib i l i ty  w i t h  convect ive 
h e a t i n g  sources ;  e)  Opera t iona l  charac te r i s t ics ;  and f )  Economics. 

Phase I11 - D e f i n i t i o n  of F u t u r e  Research and Development Requirements 

1. On t h e  b a s i s  of e x i s t i n g  technology t h e  s ta te  of t he  
a r t  of rad ia t ive  and combined convec t ive- rad ia t ive  s imula tors  s h a l l  
be e s t a b l i s h e d .  

2. Comparison sha l l  be made be tween  t h e  s ta te  of t h e  a r t  
of  r a d i a n t  heater technology and t h e  f u t u r e  re -en t ry  environment 
requirements .  On t h e  basis of t h i s  comparison s p e c i f i c  recommendations 
f o r  f u t u r e  development e f fo r t s  s h a l l  be made i f  t h e  e x i s t i n g  technology 
i s  no t  adequate .  

B. Prosram Orqanizat ion 

This program o r i g i n a t e s  from t h e  S t r u c t u r e s  and Mechanics 
Div i s ion  of t h e  NASA Manned Spacecraf t  Center.  M r .  D. He Greenshields ,  
Thermo-Structures Branch is t h e  Technical Representa t ive  f o r  NAgA MSC. 
The Pro jec t  D i r e c t o r  a t  AVCO/RAD is 2'. R ,  R. John. M r .  T. K. P u g m i r e  

U 



i s  the  Project E n g i n e e r .  O t h e r  p a r t i c i p a n t s  i n  t h i s  phase of t he  
s t u d y  are  D r s .  T. Laszlo and R. Sch l i e r  and  Messrs. M. Hermann, 
R. Liebermann,  J. Morris ,  and F. V i l e s .  R. Liebermann and  J. Morris 
c o n t r i b u t e d  i n  t h e  area of envi ronment  d e f i n i t i o n .  T. Laszlo provided 
data  on  a variety of r a d i a t i o n  s o u r c e s .  R. Schl ier ,  and  F. V i l e s  
c o n t r i b u t e d  i n f o r m a t i o n  on several p a r t i c u l a r  s o u r c e s .  
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111, SOURCES 

The r a d i a t i o n  hea t ing  s o u r c e  c o n s i s t s  p r imar i ly  of t h e  
r ad ian t  energy source and i n  some i n s t a n c e s  a n  o p t i c a l  system 
f o r  t h e  concen t r a t ion ,  focussing and modulation of t h e  r a d i a n t  
energy. 

1, Cer ta in ly  t h e  o ldes t  and very l i k e l y  t h e  most spec ta-  
c u l a r  source f o r  r a d i a n t  energy i s  t h e  S u n o  

So la r  r a d i a t i o n  is  a t t r a c t i v e  because the  source i s  
f r e e l y  a v a i l a b l e  and t h e  r a d i a t i o n  drraives a t  t he  su r face  of t he  
Earth wi th  a s u f f i c i e n t l y  h igh  i n t e n s i t y  a n d  i n  nea r ly  p a r a l l e l  
beams. The i n t e n s i t y  of normal incidence s o l a r  r a d i a t i o n  may be 
a s  h igh  a s  1,5 cal/cm2-min a t  c e r t a i n  s u i t a b l e  si tes.  I t  i s  
impera t ive  t o  cons ider  the  normal i n c i d e n c e  and not t he  t o t a l  
s o l a r  r a d i a t i o n ,  s i n c e  only t h e  w e l l  co l l imated  f r a c t i o n  of t h e  
s o l a r  r a d i a t i o n  can be concentrated i n  solar furnaces ,  This is  
the  reason why dry ,  d e s e r t  a reas  wi th  high yea r ly  s o l a r  i r r a d i a t i o n  
va lues  a r e  not  n e c e s s a r i l y  s u i t a b l e  si tes fo r  s o l a r  furr,aces.  
The f i n e  d u s t  p a r t i c l e s ,  which s t a y  i n  t h e  atmosphere above deserts 
f o r  weeks a f t e r  sand s torms,  d i spe r se  t h e  so la r  r a d i a t i o n ,  causing 
a drop i n  the  normal incidence va lue ,  I n  reg ions ,  where good 
ground cover e x i s t s ,  (vege ta t ion  during summer, snow during w i n t e r )  
a tmospheric  d i spe r s ion  i s  s m a l l .  

The apparer l t  su r f ace  temperature of the  Sun 
(approximately 6 0 0 0 O K )  i s  very  d i f f i c u l t  t o  equal  w i th  any o the r  
r a d i a t i o n  source ,  a s  is  t h e  approximately bkackbody d i s t r i b u t i o n  
of s o l a r  r a d i a t i o n .  A very  important f e a t u r e  of s o l a r  r a d i a t i o n  
i s  i t s  s t a b i l i t y  when t h e  sky i s  c l e a r ,  It has been repor ted  
( r e fe rence  1) t h a t  on a c l e a r  day t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n  

w a s  s table wi th in  5% f o r  s i x  hours.  Figure 1 i s  a n  a c t u a l  
record ing  i l l u s t r a t i n g  the  constar,cy o f  the  concent ra ted  f lux ,  (1) 

The s i z e  of t h e  image can  be increased  without  
dec rease  of t he  maximum f l u x  by inc reas ing  the ape r tu re  of the  
concen t r a to r ,  This i s  a n  expensive method, b u t  image diameters  
as l a r g e  a s  5 inches are a v a i l a b l e  in some l a r g e  solar furnaces ,  
With o t h e r  sources  t h e  image cannot be increased beyond the  s i z e  
of t h e  source  without  a decrease i n  f l u x ,  

The prime disadvhctage of solar r a d i a t i o n  o the r  than 
t h e  l i m i t a t i o n  on t h e  maximum f lux  a t t i i n a b l e  1s  t Y a t  i t  i s  not  
always a v a i l a b l e  when neededo (This source WZIS used by seve ra l  
l a b o r a t o r i e s  during t h e  mid 1 9 5 0 ’ s  as  b a s i c  r e -en t ry  hea t ing  
s i m u l a t o r s .  ) 
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2 ,  The Carbon A r c :  Perhaps t h e  most widely used r a d i a t i o n  
source is  the  carbon a r c ,  The popu la r i ty  has  two reasons ,  F i r s t ,  
the  carbon a r c  is a f a m i l i a r  convenient l abora to ry  source ,  ready 
f o r  u s e  whenever i t  is needed, Second, carbon arc  sources  a r e  
cheaply a v a i l a b l e  from su rp lus  sea rch l igh t s  znd cinema p r o j e c t o r s ,  
I n  most cases  these  arcs are used without  mod i f i ca t ions  i n  o t h e r s  
changes i n  t h e  mechanism a r e  made t o  b e t t e r  s u i t  t h e  requirements.  
General ly  t h e  carbon a r c  i s  operated a t  a c u r r e n t  of 150 amperes 
using a 16 mm anode. With s p e c i a l  arrangements the  c u r r e n t  can 
be much h ighe r ,  300 amperes i n  the blown a r c  ( 3 )  and 3000 amperes 
when t h e  e n t i r e  mechanism i s  kept  a t  10 atm. p re s su re  (4 ) .  
I n  one con t ro l l ed  atmosphere carbon a r c  image furnace  both t h e  
source and concent ra tor  mi r ro r s  w e r e  enclosed i n  a nine foo t  
d i ame te r  sphere ( 5 ) "  The sphere could be evacuated o r  p re s su r i zed  
up t o  60 p s i .  The carbon arc was enclosed i n  a con ta ine r  which 
could be p res su r i zed  up t o  210  si, It was expected t h t  wi th  
such a "concentrated" arc  source such high f l u x  can  be r ad ia t ed  
which a t  t h e  r ece ive r  mi r ro r  focus would produce temperatures  of 
6000° t o  10,00O0K0 
Some systems ope ra t e  a t  2100 amperes  without p re s su re  (51 ,  The 
fol lowing c o r r e l a t i o n  between t h e  a r c  c u r r e n t  and f l u x  z t  the  
f o c a l  a r e a  is given ( 7 )  f o r  var ious e l ec t rodes  ic Table 1, 

No informatiog on achieving t h i s  goa l  is  a v a i l a b l e ,  

A high p res su re  a r c o  w i t h  tungsten-argon has been  used  
i n  a c losed  system wi th  l i q u i d  argon a s  the  atmosphere sources  (8), 
The arc has  b e e n  opera ted  up t o  a p re s su re  of t h r e e  atmospheres 
a b s o l u t e ,  b u t  could go h ighe r ,  The maximum c u r r e n t  f o r  prolonged 
l eng ths  of t i m e  ( s e v e r a l  minutes) was over 3000 amperes wi th  60 
v o l t s  a c r o s s  the  arc.  The n u m e r i c a l  value of the  f l u x  dens i ty  a t  
t h e  second focus is  not a v a i l a b l e ,  b u t  i t  was very high .  

The convenience of the  carbon arc hcrs t o  be balanced 
a g a i n s t  i t ' s  two d isadvantages ,  First, t he  f l u x  s t a b i l i t y  is 
r a t h e r  poor.  The f l u x  a t  the  foca l  a r ea  of a commercia:! carbon 
arc image furnace was measured using a Gardon type radiometer .  The 
r e s u l t  of t h i s  measurement is  presented i n  Figure 2 ,  ( l j O  S i m i l a r  
m e a s u r e m e n t s  were performed on an improved (93 ver s ion  of t h i s  furnace  
and t h e  r e s u l t s  are preseqted  i n  Figure 3 .  These r e s u l t s  show 
t h a t  t h e r e  a r e  two major f l u x  i n s t a b i l i t i e s  :n carbon a r c  image 
fu rnaces .  The h igh  frequency v a r i a t i o n s  a r e  caused by v a r i a t i o n s  
i n  e l e c t r o d e  r e s i s t a n c e ,  changes i n  e l ec t rode  t i p  conf igu ra t ion ,  and 
v a r i a t i o n s  i n  t he  s o l i d  p a r t i c l e  conten t  of t he  arc: gap. The low 
frequency v a r i a t i o n s  are caused  mainly by changes i r z  t h e  e l ec t rode  gap, 
unavoidable  even wi th  automatic  feed mechanisms- The tfme/flux 
v a r i a t i o n s  may be  t o l e r a t e d  i n  c e i t a i n  experiments,  when cr 91; t he  
average  f l u x  i s  s i g n i f i c a n t o  I n  o the r  c a s e s ,  tkese  v s r i a t i o n s  may 
in t roduce  very s i g n i f i c a n t  e r r o r s ,  

6 
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I .  I 
Second t h e  continuous ope ra t ing  t i m e  o f  t h e  carbon arc 

is  l imi t ed  by t h e  l eng th  of t he  e l ec t rodes .  A t  l o w  c u r r e n t  va lues  
one e l e c t r o d e  las ts  approximately 20 m i n u t e s ,  b u t  a t  h ighe r  va lues  
only  5 m i n u t e s ,  
which can ope ra t e  24 hours  without i n t e r r u p t i o n s  (12)- The carbons 
s t o r e d  i n  m e t a l  cases are machined a t  both  ends t o  male-female 
t a p e r s  r e s p e c t i v e l y .  The female tapered  end of the  new carbon 
is d r iven  by a s p r i n g  laden p i s ton  toward t h e  m a l e  tapered end of 
t h e  burning carbon, The passage of t h e  j o i n t  i n t o  t h e  a r c  is 
claimed t o  h a r d l y  a f f e c t  t h e  f l u x  c o n t i n u i t y o  A second method t o  
overcome t h i s  r e s t r i c t i o n  is  t h e  u s e  of two cclrbon arcs a l t e r n a t e l y  
i n  o rde r  t o  make extended r u n s  poss ib l e ,  The mechanism f o r  switching 
from one source t o  t h e  o t h e r  has  t o  ope ra t e  very  f a s t  i n  o rde r  
t o  avoid a harmful temperature drop of t h e  hea ted  specimen, A t h i r d  
disadvantage is ,  t h a t  t h e  carbon a r c  has t o  Se placed a t  t h e  f i r s t  
focus of t h e  image. Consequently the  two e l e c t r o d e s  and t h e  r e l a t e d  
equipment i n t e r c e p t  a s i g n i f i c a n t  p o r t i o n  of t h e  r a d i a t i o n  emi t ted  
by t h e  anode, I n  order  t o  seduce t h i s  loss t h e  u s e  of an a u x i l i a r y  
mi r ro r  has  been  proposed ( 6 ) "  A s  i l l u s t r a t e d  I- Figure 4, t h i s  
r e i n f o r c i n g  mir ror  r e p l a c e s  t h a t  p o r t i o n  of t re  image furnace 
parabolo id  which is  shaded by the cathode,  Although the  r e i n f o r c i n g  
mi r ro r  i n c r e a s e s  t h e  shadow a r e a n  the inc rease  i n  r a d i a t i o n  i n t e n s i t y  
l e v e l  i s  claimed t o  more than o f f s e t  t h e  ircrease i n  shading loss. 

Recently a new carbon arc h a s  become a v a i l a b l e ,  

A d i f f e r e n t  type of carbon a rc ,  mil led "c3rbon vapor 
lamp" e l i m i n a t e s  completely t h e  shadow loss (ll%o This source u s e s  
t h r e e  e l e c t r o d e s  arranged r a d i a l l y  and i s  suppl ied  wi th  t h r e e  phase 
ac c u r r e n t  (Figure 51, The arc ope ra t e s  i n  vacuum, thus  reducing 
e l e c t r o d e  consumption caused by ox ida t ion ,  It 1s es t imated  t h a t  
8 inch long e l e c t r o d e s  would l a s t  8 hour s ,  a s i g n i f i c a n t  value f o r  
cont inuous ope ra t ion ,  

3 -  Electr ical  Res i s to r s :  A kL4gh r e f r a c t o r y  e l e c t r i c a l  
resistor of s u i t a b l e  shape and dimensions can s e r v e  as a s imple,  
convenient  source.  Flux s t a b i l i t y  1s u s u a l l y  e x c e l l e n t ,  continuous 
o p e r a t i o n  f o r  long pe r iods  is poss ib l e ,  and f l u x  c o n t r o l  i s  
e a s i l y  achieved a t  t h e  source .  

For low i n t e n s i t y  a r e s i s t a n c e  hea ted  tungsten f i lament  
p r o j e c t i o n  lampb GoE, type  2100 T24/8 c a n  be used a s  a source  
of r a d i a t i o n ,  It is  rated a t  2100 w a t t s  when operated a t  60 v o l t s ;  
u n d e r  t h e s e  cond i t ions  t h e  l i f e  is 50 hours .  A s  t h e  ope ra t ing  
v o l t a g e  is r a i s e d ,  t h e  expected l i f e  of the  f i lament  dec reases ,  
r each ing  10 hours a t  about 68  v o l t s ,  The f i lament  c o n s i s t s  of 8 
p a r a l l e l  c o i l s  arranged i-? two p l a n e s ,  The f i lament  c o i l  assembly 
is  n e a r l y  square (-l02 c m  on a side)o A s  a r e s u l t  of u s e ,  a 
dark  d e p o s i t  develops on t h e  fr?r,er surface o f  t h e  glass egvelope due 
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t o  evaporat ion of tungs ten  from the  f i l amen t .  This depos i t  may 
be removed when necessary by  a g i t a t i n g  a small q u a n t i t y  of abrasive 
powder sea l ed  w i t h i n  t h e  b u l b .  A 5 kw p r o j e c t i o n  lamp when p laced  
a t  t h e  near  focus of a 2 4  inch e l l i p s o i d a l  mi r ro r  de l ive red  a t  t he  
fa r  focus approximately 2 cal/cm2 sec (12)0 
s i z e  of  t h e  f i lament  a r r a y ,  t h e  image i s  q u i t e  d i f f u s e  and non 
symmetrical ,  

B e c a u s e  of t he  l a r g e  

Graphi te  res fs t iors  can be used f o r  ob ta in ing  somewhat 
h ighe r  h e a t  f l u x e s ,  These r a d i a t o r s  a r e  u s u a l l y  designed and 
f a b r i c a t e d  by t h e  experimenter t o  s u i t  s p e c i a l  requirements .  When 
opera ted  under i n e r t  gas  p ro tec t ion  they l a s t  long and d e l i v e r  a 
very s table  f l u x .  A carbon r e s i s t o r  has  been  designed ir! such 
fash ion  t h a t  t h e  u s e  of an i n e r t  gas  does n o t  r e q u i r e  a window ( 1 3 ) .  
Thus no s o l i d  m a t e r i a l  of any kind i s  in t e rposed  b e t w e e n  t h e  source  
and t h e  o p t i c s  t h a t  may be requi red .  The r e s i s t o r  mounting i s  
designed so t h a t  t h e  f a c e  of the r e s i s t o r  d i s k  i s  t h e  only h o t  p a r t  
of t h e  source t h a t  can r a d i a t e  t o  t he  o p t i c s ;  t h e  remainder of t h e  
r e s i s t o r  is  t o t a l l y  enclosed by a water-cooled copper j a c k e t .  I n  
a d d i t i o n  t o  conf in ing  t h e  e f f e c t i v e  source t o  a d i s k ,  t h i s  j acke t  
makes p o s s i b l e  t h e  maintenance of a n  i n e r t  gas  atmosphere around a l l  
t h e  h o t  p a r t s  of t h e  r e s i s t o r  b y  means of a flow of gas  through t h e  
j a c k e t .  The arrangement i s  such t h a t  t h e  gas  e n t e r s  through a n  
opening i n  t h e  mounting board behind t h e  r e s i s t o r  and e x i t s  through 
a very narrow annular  space between t h e  d i s k  and t h e  j a c k e t .  The 
e x i t  gas  flow i s  a t  h igh  v e l o c i t y  and is  d i r e c t e d  i n  such a manner 
t h a t  it converges t o  a p o i n t  about 1 inch i n  f r o n t  of t he  d i s k ,  thereby  
forming a p r o t e c t i v e  cone of i n e r t  gas .  A second gas  channel i s  
b u i l t  i n t o  t h e  j a c k e t  and i s  s o  designed t h a t  another  s l i g h t l y  
l a r g e r  cone of gas  i s  formed surrounding t h e  f i r s t ,  The two d i r e c t e d  
gas flows r e s u l t  i n  a complete gas envelope around the  f ace  of t h e  
r e s i s t o r  without  any phys ica l  confinement of t h e  gas  and hence without  
amy s i g n i f i c a n t  abso rp t ion  l o s s e s ,  A t  f i r s t  helium was used f o r  
bo th  t h e  i n n e r  and o u t e r  cones,  b u t  convection c u r r e n t s  led  t o  
incomplete cone formation. Since then argon has  been used f o r  t he  
o u t e r  cone and helium f o r  t h e  i n n e r  cone with e n t i r e l y  s a t i s f a c t o r y  
r e s u l t s .  Apparently t h e  heavier  argon tends  t o  conta in  the  helium 
and convec t ive  d i s r u p t i o n  of the gas  flow is prevented.  
of t h e  r e s i s t o r  source  wi th  t h e  j a c k e t  removed i s  presented i n  
F igu re  6 .  (The f i n a l  v e r t i c a l  c u t ,  which d i v i d e s  the  base of t h e  
g r a p h i t e  i n t o  two s e c t i o n s ,  has  n o t  been made, 
in t roduced  by t h i s  c u t ,  i t  normally is  no t  made u n t i l  t he  source i s  
t o  be p u t  i n t o  o p e r a t i o n . )  The success of t h i s  design may be 
judged from t h e  f a c t  t h a t  t h e  r e s i s t o r  has  been operated cont inuous ly  
f o r  p e r i o d s  exceeding 4 hours a t  temperatures  above 2,000°C wi th  
no v i s i b l e  s i g n s  of o x i d a t i o n ,  
tempera tures  up t o  2 2 0 0 ~ ~  

A photograph 

D u e  t o  t h e  f r a g i l i t y  

This r e s i s t o r  can be u s e d  t o  sample 
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Another carbon r e s i s t o r  ope ra t e s  i n  a d r y  argon 
atmosphere a t  20 p s i g  (14 ) .  The p res su re  i s  maintained by t h e  
u s e  of a Pyrex hemisphere, t h e  power l eads  are water-cooled (Figure 7 ) .  
The r e s i s t o r  is  operated a t  a maximum temperature of 2840°K, 
r e s u l t i n g  i n  a f l u x  of 15 cal/cm2sec a t  t h e  image. 
i s  made f o r  t h e  removal of carbon vapor d e p o s i t  which might be 
depos i ted  a t  t h e  i n s i d e  w a l l  of t h e  hemisphere. 

N o  p rov i s ion  

4. High P r e s s u r e  Compact A r c s :  These sources  combine 
t h e  b r i g h t n e s s  of carbon a r c s  with t h e  maintenance-free and c l ean  
ope ra t ion  of incandescent lamps ( l 5 ) ,  They c o n s i s t  of a s p h e r i c a l  
o r  e l l i p s o i d  shape envelopea usua l ly  made of c l e a r  fused s i l i ca .  
Two d i a m e t r i c a l l y  opposed c y l i n d r i c a l  ex tens ions  con ta in  t h e  
m e t a l l i c  support  and connect ing rods f o r  t h e  two e l e c t r o d e s  and t h e  
hermet ic  s e a l s  and c a r r y  t h e  ou te r  e l e c t r i c a l  c o n t a c t s .  The 
e l e c t r o d e s  a r e  made of s o l i d  tungsten and t h e  b u l b s  a r e  u s u a l l y  
f i l l e d  wi th  xenon, (Figure 89 I n  opera t ion  t h e  p r e s s u r e  wi th in  
t h e  lamp is  b e t w e e n  6-30 atmospheres. D u e  t o  t h e  h igh  p res su re  t h e  
arc d i scha rge  f i l l s  on ly  a s m a l l  volume d i r e c t l y  be tween  t h e  t i p s  
of t h e  e l e c t r o d e s  and t h u s  forms a h i g h l y  concent ra ted  source.  
Operat ion and t h e  performance da ta  of var ious  lamps a r e  summarized 
i n  Table I1 (15) Lamps opexated wi th  ac g i v e  a more uniform 
b r i g h t n e s s  d i s t r i b u t i o n  than dc lamps, The s t a b i l i t y  of ope ra t ion  
may be a f f e c t e d  by t h e  p o s i t i o n  of t h e  lamp, Xenon dc arcs b u r n  
stable on ly  when t h e  cathode is  a t  t he  bottom acd t h e  anode a t  
t h e  top .  An image furnace  u s i n g  a 10 kw xenon a r e  as source has  
been completed r e c e n t l y  (1610 I t  is  expected t h a t  t h e  lamp w i l l  
r a d i a t e  approximately 5 , 5  kw. 

5. Plasma Generator:  Recently a Concentrated e f f o r t  has  
been a p p l i e d  t o t h e  s tudy  of t h e  plasma arc h e a t e r  as a p o s s i b l e  
r a d i a n t  energy source  (17 -20 ) ,  The plasma arc h e a t e r  i s  a b l e  t o  
m a i n t a i n  an  arc d i scha rge  wi th  maximum temperature i n  excess  of 
20,O0O0K on a cont inuous t i m e  b a s i s ,  The continuum r a d i a t i o n  from 
such a n  a r c  column may be a f e w  watts/cm t o  s e v e r a l  t e n s  of 
ki lowatts /cm depending on t h e  a r c  c u r r e n t ,  vo l t age  g r a d i e n t ,  
p r e s s u r e  l e v e l  and type  of working f l u i d ,  This device  has  been 
u t i l i z e d  t o  provide a r a d i a n t  and convect ive h e a t i n g  source f o r  
material  specimens p laced  i n  the a r e a  v i c i n i t y  of t h e  arc columnp 
(18). This type of source is a l s o  being developed f o r  t he  
s i n g l e  a p p l i c a t i o n  of a r a d i a t i n g  source ,  ( 1 7 ,  19 ,  2 0 )  I n  t h e  
l a t t e r  case models are placed i n  t h e  proximity of t h e  column t o  be 
irradiated d i r e c t l y  (Figure 9 ) >  Others are being developed wi th  
r a d i a t i o n  c o l l e c t i n g  o p t i c s  t o  inc rease  t h e  f l u x  l e v e l  a t  t h e  t a r g e t  
o r  model and t o  permi t  g r e a t e r  f l e x i b i l i t y  of model s i z e ,  shape 
and  placement.  Such a device  is shown i n  Figure 10.  
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Based on some experimental  r e s u l t s  w i th  a plasma 
gene ra to r ,  17,  i t  w a s  found t h a t  t h e  r a d i a t i o n  emi t ted  by t h e  arc 
column increased  wi th  increase i n  arc c u r r e n t  ( r e s u l t i n g  i n  
h igher  column temperatures of o the r  f a c t o r s  are k e p t  cons t an t )  
and p res su re  l e v e l ,  b u t  decreased wi th  inc rease  i n  m a s s  f l u x  rates 
mean vo l t age  g r a d i e n t  and e x t e r n a l  magnetic f i e l d ,  These tests were 
made u t i l i z i n g  an argon a r c  column of 100-2000 amperes and p res su re  
l e v e l s  of 1-10 atmospheres. (Note: Some p re l imina ry  resu l t s  
i n d i c a t e  t h a t  i n  s p i t e  of t h e  increase i n  r a d i a t i o n  observed wi th  
h ighe r  p r e s s u r e  optimum opera t ion  may occur a t  p r e s s u r e  l e v e l s  
between 20 and 50 atmospheres,]  S p e c t r a l  d i s t r i b u t i o n  of s e v e r a l  
plasma gene ra to r s  ope ra t ing  wi th  d i f f e r e n t  working f l u i d s  w e r e  
p resented  i n  t h e  Phase I r e p o r t ,  

O f  t h e  c u r r e n t  plasma gene ra to r s  under development OK 

c u r r e n t l y  being u t i l i z e d  a s  r a d i a n t  sources  t h e  fol lowing four  
sources  are somewhat r e p r e s e n t a t i v e ,  

a ,  A r a d i a t i o n  source under  development combines t h e  
e f f e c t s  of t h e  vo r t ex  s t a b i l i z e d  a r c  j e t  and t h e  h igh  p res su re  
s h o r t  a rco  (20) A pro to type  of such a source is  i l l u s t r a t e d  i n  
f i g u r e  11. The a r c  chamber p re s su re  i s  1 7  a t m ,  and t h e  plasma 
temperature  is  approximately 900O0K, When t h i s  source  is  operated 
u n d e r  p r o p e r l y  r egu la t ed  power and gas  flow, i t  produces a c y l i n d r i c a l  
arc plasma w i t h  a diameter approximately equal  t o  t h a t  of t h e  anode 
exhaus t  a p e r t u r e .  The cool vor tex  flow c o n t i n u a l l y  r ep laces  t h e  
gas  surrounding t h e  arc, thus  g r e a t l y  r e d u c i n g  t h e  r ed  and i n f r a r e d  
r a d i a t i o n  as compared t o  o t h e r  enc losedarcs ,  Also t h e  vo r t ex  
f i x e s  t h e  arc plasma d i a m e t e r  and p r e c i s e l y  l o c a t e s  t h e  a r c  columnn 
The t o t a l  r a d i a n t  ou tput  of a 10  mm x 3 mm arc plasma is  r e p o r t e d l y  
7.68 kw, wi th  a n  input  of 24 .8  kw when operated wi th  argon, 

b. A somehwat d i f f e r e n t  approach i s  u t i l i z e d  i n  t h e  
devlcz shzw:: schematically i n  Finlive ;I 1 2 ,  (19) I n  t h i s  source 
t h e  r a d i a t i n g  plasma i s  i s o l a t e d  away from t h e  s u s t a i n i n g  p o r t i o n  
of t h e  arc h e a t e r  (gas i n l e t s ,  e l e c t r o d e s ,  i n s u l a t o r s )  so  t h a t  t h e r e  
i s  l i t t l e  o b s t r u c t i o n  t o  t h e r a d i a t i o n  exceFt on one s i d e ,  The 
r e p o r t e d  ope ra t ing  cond i t ions  a r e  input  power 25 KW ( u n i t s  capable  
of o p e r a t i o n  a t  power l e v e l s  up t o  50 KW a r e  under development),  
0-300 PSIG chamber p r e s s u r e  a n d  a 6 mm diameter luminous sphere wi th  
a r a d i a n t  e f f i c i e n c y  of 35%when operated wi th  argon a t  25 KW, 

c, A very u s e f u l  device t h a t  has  b e e n  u s e d  as a 
combined r a d i a t i v e  and convective hea t ing  source has  b e e n  r e f e r r e d  
t o  as a modified tandem G e r d f e n  arc ( 1 8 ) 0  I n  t h i s  source t h e  t e s t  
g a s ,  a i r  o r  o t h e r  gases  of i n t e r e s t  is heated i n  an a r c  column 
which i s  p a r t i a l l y  c o n s t r i c t e d  by vo r t ex  flow m d  by mechanical 
o r i f i c e s ,  Figure 13 (18) The tes t  model i s  pos i t i oned  i n  t h e  c l o s e  



prox imi ty  of t h e  arc column which provides  t h e  r a d i a n t  energyo 
Radiant energy t ransfer  can be changed by  varying t h e  d i s t a n c e  
between t h i s  model and t h e  column. Previous column temperature  
measurements  made on an arc of t h i s  type  ind ica t ed  peak temperatures  
between 16,200-18,000°K ( 2 1 )  

The temperature p r o f i l e  of t h e  column h a s  n o t  been  
r epor t ed ,  
from a i r  w a s  measured by a r a d i a t i o n  c a v i t y  gage a t  a d i s t ance  of 
approximately 1 c m  from t h e  column boundary, wi th  a n  i n p u t  of 
250 KW and one atmosphere chamber p r e s s u r e ,  A u n i t  i s  c u r r e n t l y  
under development which w i l l  a l low ope ra t ion  a t  p r e s s u r e s  up t o  
5 atmospheres and permi t  l o c a t i o n  of  t h e  model e f f e c t  on model 
performance r e s u l t i n g  from t h e  non-uniformity of the  source  a s  
most models t e s t e d  have been  char formers which t o  tend t o  n u l i f y  
such non-uniformit ies  (22) 

S l i g h t l y  less than 800 BTU/ftz-sec r a d i a t i v e  h e a t  t r a n s f e r  

d o  The f o u r t h  source o f  t h i s  type t h a t  i s  of i n t e r e s t  
i s  s i m i l a r  t o  t h a t  descr ibed  i n  s e c t i o n  a Q20), 
ences are i n  t h e  ope ra t ing  condi t ion ,  i o e o  h ighe r  power l e v e l s  and 
chamber p r e s s u r e s ,  and i n  t h e  a s soc ia t ed  o p t i c s ,  This dev iced  
shown i n  Figure PO, has  produced a r a d i a t i n g  e f f i c i e n c y  of about 
35% when opera ted  a t  100 KW, 25 atmospheres and 800 amps, I t  i s  
expected t h a t  t h i s  source w i l l  produce a usable  directed r a d i a t i o n  
b e a m  which has  a t o t a l  e f f i c i e n c y  of over 5% wi th  r e s p e c t  t o  
t h e  t o t a l  i npu t  power., 
i h  conjunct ion  wi th  a h igh  enthalpy 2% megawatt a r c  h e a t e r  f o r  a 
combined v a r i a b l e  r a d i a t i v e  and convect ive hea t ing  f a c i l i t y ,  
F igure  14, 

The p r i n c i p a l  d i f f e r -  

Four  of t h e s e  sources  a r e  being i n s t a l l e d  

6 .  E lec t ron  Beam Radiation Sources: E lec t ron  beams, 
c o n s i s t i n g  of a d i r e c t e d  s t ream of  vol tage  a c c e l e r a t e d  e l e c t r o n s  
i n  a vacuum of p r e s s u r e  less than lom3 o r  t o r r ,  may be 
c ~ m i d e r e d  as radiation sources ,  bo th  d i r e c t l y ,  as i n  t h e  case  
of t h e  e l e c t r o n  microscopy, or i n d i r e c t l y  as a w e l l  def ined  h e a t  
source  f o r  a primary thermal r a d i a t i o n  e m i t t e r ,  A l l  e l e c t r o n  
beam equipmekt has  c e r t a i n  common elements,  however t h e r e  i s  a 
g r e a t  divergence i n  s i z e ,  beam r e s o l u t i o n ,  beam c o n t r o l  and 
power according t o  t h e  des ign  a p p l i c a t i o n ,  Common f u n c t i o n a l l y  
described p a r t s  f o r  a l l  systems a r e :  

a .  Elec t ron  gun which conta insan  e m i t t e r ,  and some 
d i r e c t i v e  p r o v i s i o n s ,  A negat ive vol tage  c o n t r o l  g r i d  i s  u s e d  
i n  p r e c i s e l y  r egu la t ed  equipment. 

' i\ 

b. High vo l t age  power supply t o  a c c e l e r a t e  t h e  
e lectrons,  



c, A ta rge t  a rea  of conductive material, 

d o  A sealed chamber w i t h  an i n s u l a t e d  support  
fo r  t h e  gun t a r g e t  accesses, a high capac i ty  vacuum pumping equipment 
capable  of t o  t o r r  vacuump and X-ray s h i e l d i n g  (23), 

A l l  b e a m  opera t ions  are performed a t  t h e  l o w  p r e s s u r e ,  
except  some r e c e n t  i n  atmosphere welders ,  which p a s s  the beam through 
a series of h o l e s  t h a t  are pumped t o  prevent  gas f r o m  reaching 
t h e  g u n ,  

Rel iable  and p r e c i s e  equipment p r i c e s  s tar t  I a t  $70,000 
and up depending upon refinements i n  the beam c o n t r o l s  and accuracy 
of power m e a s u r e m e n t s ,  The opera t ing  c h a r a c t e r i s t i c s  of t h i s  
equipment are a c a p a b i l i t y  t o  focus up t o  6 k i l o w a t t s  i n t o  a s p o t  
which is O o O 0 3  inches diameter ,  A t  lower power s m a l l e r  s p o t s  
may be obtained.  For a l o w e r  h e a t  f l u x ,  a defocussed s p o t  may 
be u s e d  a t  the  sacrifice of s p a t i a l  d i s t r i b u t i o n  uni formi ty ,  
s i n c e  t h e  power d e n s i t y  is usua l ly  descr ibed as Guassian through 
t h e  s p o t .  A spo t  diameter is usua l ly  def ined as the diameter 
con ta in ing  one h a l f  t h e  beam power, The vo l t aqe  is variable up 
t o  150,000 v o l t s  and t h e  amperage up t o  40 milYiamps i n  a 6 KW 
machine. The focussed b e a m  has  a long f o c a l  l eng th  (up t o  
15 inches)  and a u x i l i a r y  d e f l e c t i o n  c i r c u i t s  and c u r r e n t  modulation 
c i r c u i t s  can produce uniform power d e n s i t y  p a t t e r n s ,  s i m i l a r  t o  a 
television screen ras ter  up t o  5 inches square.  The s p a t i a l  
un i formi ty  i s  then dependent upon l i n e  over lap  and l i n e s  p e r  inch,  
Complete feedback vo l t age  and cu r ren t  r e g u l a t i o n  can  be provided 
which w o u l d  r e s u l t  i n  a temporal s table  beam. 
temporal energy d i s t r i b u t i o n  i s  dependent on the number of l i n e s  
and t h e  x-y coord ina te  sweeping f requencies  I s s t rumen ta t ion  t o  
m e a s u r e  b e a m  c u r r e n t  and vol tage  can provide c o n t r o l  of power 
t o  better t h a n  1% a n d  modulation can modify power d i s t z i b u t i o n  t o  
compensate f o r  h e a t  loss a t  edges of thermally conducting targets. 

On a sweeped ras te rd  

The d i r e c t  a p p l i c a t i o n  of electror, beams t o  
s i m u l a t e  i n f r a r e d ,  v i s i b l e ,  or gamma r a d i a t i o n  sources  f o r  purposes 
of materials t e s t i n g  i s  n o t  advised,  For example a b e a m  accelerated 
by  15,000 v o l t s  would provide  o p t i c a l  pgope r t i e s  of r e s o l u t i o n  
comparable wi th  gamma r a d i a t i o n  of  0 , l  A, the r a d i a t i o n  i n t e n s i t y  
w o u l d  be q u i t e  h igh  i n  comparison wi th  s tandard  o p t i c a l  sources .  

Therefore ,  t h e  a p p l i c a t i o n  of e l e c t r o n  beams t o  
r a d i a t i o n  s imula t ing  devices  i s  r e s t r i c t e d  t o  t h e  a p p l i c a t i o n  of 
a heat source f o r  a h o t  body r a d i a t o r ,  For r e l a t i v e l y  s m a l l  
targets  of several square inches,up t o  500 B T U / f t 2 s e c  could be 
a p p l i e d  w i t h  
of t e m p e r a t u r e  of t h e  primary r a d i a t i o n  source, The r a d i a t i o n  
f r o m  th is  Source w o u l d  be temporar i ly  stable a f t e r  i n i t i a l  hea t ing ,  

w e l l  c o n t r o l l e d  d i s t r i b u t i o n  t.o assure s p a t i a l  uniformity 

/s 



b u t  a t  least  one h a l f  of t h e  power would be d i r e c t e d  t o  t h e  
r eve r se  side of t h e  t a r g e t  and l o s t  u n l e s s  a s p e c i a l  c o l l e c t o r  system 
could be used t o  c o l l e c t  and redirect some of t h e  r e v e r s e  t r a n s f e r r e d  
energy. The s p e c t r a l  d i s t r i b u t i o n  of t h e  e l e c t r o n  beam hea ted  
primary e m i t t e r  is  t h a t  of a b lack  body a t  t h e  same temperature as 
modified by  temperature dependent s p e c t r a l  emi t t ance  c o e f f i c i e n t s  
of t h e  t a r g e t  material and any a d d i t i o n a l  windows o r  o p t i c s  as may 
be r equ i r ed ,  

7 e  Lasers a s  Radiat ion Sources: The l a s e r ,  o r  
o p t i c a l  maser, p rovides  a coherent  l i g h t  ou tpu t  a t  power l e v e l s  
ranging from w a t t s  f o r  t h e  re 'cently developed continuous wave gas  
l a s e r s  t o  g igawat t s  f o r  short-pulsed (a few nanoseconds) s o l i d -  
s ta te  o p t i c a l l y  pumped ruby l a s e r s ,  Because t h e  l i g h t  ou tpu t  
is  coherent ,  it can be focussed t o  a diameter  approximating t h e  
wavelength of l i g h t ,  so  t h a t  f l u x  l e v e l s  as high as w a t t s / c m 2  
are a t t a i n a b l e  i n  p r i n c i p l e  e 

Lasers c a n  t h e r e f o r e  provide almost any 
conceivable  r a d i a n t  f l u x ,  Their use fu lness  a s  a s imula t ion  sourcea  
however, is  s e v e r e l y  l i m i t e d  by t h e  f a c t  t h a t  t h e  t o t a l  ou tput  energy, 
and t h e  d u r a t i o n  of t h e  ou tpu t  p u l s e ,  are both  c i r c u m s c r i b e d .  I n  
a d d i t i o n ,  t h e  l i g h t  ou tput  is monochromatic. 

I S i n c e  o t h e r  l i g h t  sources  (arc d i scha rges ,  f o r  
example) can  provide  r a d i a n t  f l uxes  as h igh  a s  l o 4  watts/cm2, 
there appears  t o  be no purpose i n  t h e  u s e  of l a s e r s  f o r  s imula t ion  
purposes  a t  t h i s  and lower f l u x  l e v e l s ,  A t  h ighe r  l e v e l s ,  lasers 
can  s e r v e  a u s e f u l  purpose,  b u t  n o t  a s  a s imula t ion  r a d i a t i o n  
source .  This is  because t h e  pu l se  d u r a t i o n  of h igh  energy l a s e r s  
i s  l i m i t e d ,  a t  t h e  p r e s e n t  time, t o  a f e w  mi l l i s econds ,  For example, 
one can o b t a i n ,  w i th  p r e s e n t  ruby laser d e v i c e s B  a t o t a l  energy 
ou tpu t  of over 1000 j o u l e s ,  with a p u l s e  du ra t ion  of about 2 m i l l i -  
seconds,  This would provide a r a d i a n t  f l u x  of l o 5  w a t t s / c m 2  on 
an area of 5 c m 2 8  and, by reducing t h e  a r e a ,  a f l u x  of 5 x LO7 
w a t t s / c m 2  on 1 s q ,  mm, 

The s h o r t  du ra t ion  of t h e  p u l s e  makes i t  u n u s a b l e  
f o r  materials t e s t i n g  as t h e r e  is  i n s u f f i c i e n t  t i m e  f o r  t h e  m a t e r i a l  
under i n v e s t i g a t i o n  t o  a t t a i n  quas i - s teady-s ta te  cond i t ions ,  except  
a t  v e r y  h igh  f l u x  l e v e l s ,  

The one p o t e n t i a l  u s e  o f  l a s e r s  appears  t o  be 
as a means of i n v e s t i g a t i n g  the  basic phenomena t h a t  occur a t  
high r a d i a n t  f l u x  l e v e l s ,  
l e v e l s  t h a t  a r e  h ighe r  than those p r e s e n t l y  a t t a i n a b l e  wi th  f l a s h  
t u b e s  

This is p a r t i c u l a r l y  t h e  case a t  f l u x  



The laser presents other advantages, for fundamental 
investigations, in that its output is monochromatic, the output 
energy and flux are readily controlled, and it is a relatively 
clean source of, radiant energy, Associated electromagnetic noise 
can be almost completely eliminated, so that measurement techniques 
requiring sensitive electronic detection are feasible, 



I V .  RADIATION HEATING D E F I N I T I O N  

~ 

1. Comparison S tud ie s  of Experimental Radiat ion Data 

Comparison s t u d i e s  have been made w i t h -  r a d i a t i o n  data  obtained 
experimental ly  from shock heated gas. Graphical r e p r e s e n t a t i o n  of 
t h e s e  d a t a  are shown i n  f igures  15 through / 8  f o r  a i r  as a func t ion  
of f l i g h t  v e l o c i t y .  

F i g u r e s  15 through /g present shock t u b e  t o t a l  s tagnat ion-poin t -  
reg ion ,  equi l ibr ium-radia t ion  data measured by f o u r  independent 
i n v e s t i g a t o r s  ( R e f .  29 ,ZS,  Z6and 2f) who u t i l i z e d  d i f f e r e n t  measure-  
ment techniques.  For convenience of comparison t h e  s tagnat ion-poin t -  
reg ions  volumetr ic - rad ia t ion  w a s  normalized us ing  t h e  r e l a t i o n s h i p  
t h a t  

Where t h e  above equat ion  w a s  suggested by r e f e r e n c e s 2 7 a n d  28. 
Figure  Cy is a composite comparison of t h e  e q u i l i b r i u m  data  
presented i n  f i g u r e s  /5through/8.  A s  w i l l  be subsequently pointed 
ou t  i n  t h e  fol lowing s e c t i o n ,  erroneous r e s u l t s  w e r e  found i n  the  
d a t a  of references 25 and 2-6, however, F igures  /5 through-If' p r e s e n t  these 
d a t a  i n  t h e  corrected form. 

2.  Reduction of Shock Tube  Data 

I n  t h e  reduct ion  of shock t u b e  d a t a ,  h e a t i n g  ra tes  of t e s t  surfaces,  
due t o  r a d i a t i o n  from shock heated gas,Jre d i s t ingu i shed  from h e a t i n g  
r a t e s  due t o  convect ive hea t  t r a n s f e r  by s e v e r a l  means. For example, 
when t h e  t e s t  probes have l a rge  nose r a d i i ,  t h e  r a d i a t i v e  c o n t r i b u t i o n  
a t  t he  s t a g n a t i o n  p o i n t  region is  large enough t o  become t h e d o m i n a n t  
mode of heat t r a n s f e r  and d i r ec t  measurments of r a d i a t i o n  can be made 
u t i l i z i n g  t h i n  f i l m  r e s i s t an t  thermometers o r  t h i c k  f i l m  ca lo r ime te r  
gages (see reference29) .  Another method i s  by means of l o c a t i n g  on 
t h e  tes t  probe a t r anspa ren t  window through w h i c h  i nc iden t  r a d i a n t  
energy from t h e  shock heated gas cap i s  t r ansmi t t ed  and c o l l e c t e d  by 
a t h i n  f i l m  r a d i a t i v e  h e a t  t r a n s f e r  gage. This  l a t t e r  technique was 
u t i l i z e d  by both  references 25and26, however, reference25,used a 
hemespherical  faced probe w h i l e  r e f e rence26  used a b l u n t  faced probe. 
F i n a l l y  a s  w a s  performed by rebfprence 27, measu remen t s  u t i l i z i n g  
pho tomul t ip l i e r  t u b e s  may be made of t h e  t o t a l  r a d i a t i o n  f r o m  shock 
layers of gun-launched models f l y i n g  i n  s t i l l  a i r  o r  moving upstream 
i n  t h e  tes t  s e c t i o n  of a shock tunnel .  

Once t h e  above data  i s  obtained,  i t s  reduct ion  i n t o  terms of t o t a l  
r a d i a t i o n  e m i t t e d  from t h e  s t agna t ion  p o i n t  reg ion  r e q u i r e s  f u r t h e r  
a n a l y s i s .  The f i rs t  and probably most important a n a l y s i s  i s  determin- 
i n g  whether  t h e  radiant'dnergy so collected and measured i s  d u e  
p r i m a r i l y  t o  non-equilibrium cond i t ions ,  e q u i l i b r i u m  cond i t ions ,  o r  a 
combination of both i n  the  shock heated gas cap. When equi l ibr ium 
c o n d i t i o n s  are  known t o  p r e v a i l  and d i r e c t  r a d i a t i o n  measurements 
can be made, t h e  t o t a l  e q u i l i b r i u m  r a d i a t i o n ,  E t ,  a t  the  s t agna t ion  
p o i n t  region,may be ca lcu la ted  from t h e  fbl lowing semi-ernperical 
equat ion .  

Af9 
A* 
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where ? ~ 2 d ~ ~ ~ ~ . , - ~ .  i s  t h e  r a d i a t i v e  power f l u x  measured a t  t h e  
s t agna t ion  p o i n t  region of t h e  probe, s i s  t h e  shock detachment 
d i s t a n c e  and F1 i s  a co r rec t ion  fac tor  t a k i n g  i n t o  account t h e  
shape of t h e  shock f r o n t  and thermodynamic v a r i a t i o n s  t h e r e i n .  
It w a s  repor ted  by N e r e r r ~ ~ ~  who i n  t u r n  re ferenced  Wickag t h a t  
F1 is  approximately 0.84 and t h e  ratioS/RN i s  approximately 0.045 
f o r  a probe of hemispherical  nose r a d i u s  RN i n  t h e  f l i g h t  v e l o c i t y  
range of 20 x l o3  t o  60 x l o 3  f t /sec and a t  s imulated a1  i t u d e s  
of 100r /d f r  to Zf’~X/a .~ f t . In  add i t ion ,  Tt w a s  repor ted  by Page’7 t h a t  t h e  
r a t i o  ~ / R N  could a l s o  be c l o s e l y  approximated i n  t h e  above f l i g h t  
range by t h e  r e l a t i o n s h i p :  

For tes t  probes u t i l i z i n g  t r a n s p a r e n t  windows t h e  t o t a l  e q u i l i b r i u m  
r a d i a t i o n ,  E t ,  may be ca l cu la t ed  from a semi-emperical r e l a t i o n  
having t h e  form: 

where 
gage, F2 b e i n g  i t s  view f a c t o r  and d g  i t s  a b s o r p t i v i t y .  T i s  
t h e  t ransmiss ion  c o e f f i c i e n t  of t h e  t r a n s p a r e n t  window. F1 and 6 
are a s  d i s c r i b e d  above. 

?mJ,gajc is  t h e  rad ia t ive  power f l u x  seen by t h e  c o l l e c t o r  

a .  

F l a q q ’ s  Data*’was obtained i n - t h e  form of f igure2a .  

Reduction of  F l a g g ’ s  Data ZY 

It was 
necessary  t o  c o r r e c t  h i s  r a t i o  vtw i n t o  t o t a l  e q u i l i b r i u m  r a d i a t i o n ,  
E t ,  emit ted from t h e  s t agna t ion  p o i n t  region.  This w a s  accomplished 
u t i l i z i n g  equat ion  ( 2 )  
suggested by Wick‘?, s i n c e  it w a s  determined t h a t  F l a  g ’ s  d a t a  
s imula ted  f i g h t  v e l o c i t i e s  and a l t i t u d e s  w e r e  N e r e m 2 ?  s t a t e d  F 1  = 
0.84 and ~ / R N  = 0.045. F l agg’ s  s t agna t ion  d e n s i t y  r a t i o s  and 
s imula ted  f l i g h t  v e l o c i t i e s  w e r e  determined us ing  shock t u b e  gas 
dynamic charts.3O By u s e  of r e f e r e n c e  3o a l l  f l i g h t  cond i t ions  

2% f o r  F l a g g ’ s  da t a  w e r e  known. Therefore  it w a s  of i n t e re s t  t o  
compare Wick approximation of t r a t i o  ~ / R N  a g a i n s t  Page’s  
( e q u a t i o n  3). 
F l a g g ’ s  d a t a  from 
approximately 30%). Hence t he  shock t u b e  d a t a  so  p l o t t e d  i n  f i g u r e  
/ 5  is ques t ionab le .  

The choice  of F1 and s values w e r e  t h o s e  

Page’s  approximation” y i e l d s  va lues  of ~ / R N  f o r  
~ / R N  = 0.0625 t o  0.0595 (a discrepancy of 

b. Reduction of N e r e m ’ s  Data25 

N e r e m  publ ished a l l  of h i s  d a t a  i n  a t a b u l a t e d  form g iv ing  
i n i t i a l  shock t u b e  d r iven  p res su res ,  P i p  shock v e l o c i t i e s ,  VS, 

2s 
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s i m u l a t e d  f l i g h t  v e l o c i t y ,  V, 
ect .  Thus  no reduct ion  of h i s  d a t a  w a s  necessary.  However, by 
examining N e r e m  I s  d a t a  reduct ion procedure,  it w a s  e s t a b l i s h e d  
t h a t  h u s e d  shock tube  gas  dynamic char t s  publ i shed  by Zimer 

a comparison was made aga ins t  t h e  shock t u b e  gas dynamic c h a r t s  
published by L a i r d  J. D ,  and K. Heron3' (1964).  Several d i sc repanc ie s  
w e r e  found. Di f fe rences  u p  t o  25% w e r e  found i n  s t a g n a t i o n  d e n s i t y  
r a t i o s  ( N e r e m ' s  values being high)  e Nerem's c a l c u l a t e d  r e s u l t s  i n -  
d i c a t i n g  a cons t an t  s tagnat ion  d e n s i t y  r a t i o  @ f o r  a cons t an t  
i n i t i a l  p re s su re  Pi was a l s o  i n  disagreement w i t h  r e f e rence  3 0 .  
it w a s  e s t a b l i s h e d  t h a t  N e r e m  overest imated h i s  f l i g h t  v e l o c i t i e s ,  
V* , by 3%. Although these  e r r o r s  are  comparable t o  shock t u b e  
experimental  s c a t t e r ,  t h e  da ta  s o  presented i n  f igures  I5 through 
/ P a r e  very s e n s i t i v e  t o  dens i ty  and f l i g h t  v e l o c i t y ,  and t h e  magni- 
f i c a t i o n  of the a l r e a d y  present  experimental  s ca t t e r  makes d i r e c t  
comparisons d i f f i c u l t .  Nerem's d e n s i t y  va lues  w e r e  co r rec t ed  us ing  
reference 30 and t h i s  d a t a  is  shown i n  f i g u r e s  / 6  and 1'9. 

, s t a g n a t i o n  d e n s i t y  ra t ios ,  G, 

(1960) 51 , and s i n c e  N e r e m ' s  t abu la t ed  d a t a  gave-adequate parameters, 

And 

Another d i s t r u b i n g  f e a t u r e ,  brought ou t  by t h e  above d i sc repenc ie s  
i s  t h e  shock detachment d i s t a n c e s ,  s, ca lcu la t ed  by N e r e m  i n  h i s  d a t a  
r educ t ion  (see equations ( 3 )  and (91). The  means u s e d  by N e r e m  t o  
determine h i s  shock d e t a c m e n t  d i s t a n c e ,  s is  not  known a t  t h i s  
t i m e .  However, i f  i t  w e r e  ds o f  equat ion  ( 3 )  then  h i s  detachment 
d i s t a n c e s  are  ques t ionab le  (upward t o  25%) a l so .  Therefore ,  t h e  
r e l i a b i l i t y  of N e r e m ' s  data  a s  shown i n  f i g u r e / 6  i s  questionable."" 

c. Reduction of Hoshizaki data2' 

Unlike N e r e m ,  Hoshizaki d i d  no t  t abula te  h i s  r e s u l t s ,  H i s  d a t a  
w a s  p r e s e n t e d  i n  h i s  r e p o r t  i n  t h e  form of f i g u r e 2 4 ,  A s  seen i n  
f i g u r e  21,Hoshizaki data w a s  ca l cu la t ed  t o  have a s t a g n a t i o n  d e n s i t y  
r a t i o  of .193 fo r  an  i n i t i a l  p r e s s u r e  Pi = 1-16 mm Hg.* 

An i n v e s t i g a t i o n  of Hoshizaki ' s  data  was made u t i l i z i n g  t h e  shack 
t u b e  gas dynamic c h a r t s  of reference30. A discrepancy of 25% i n  
s t a g n a t i o n  d e n s i t y  r a t i o  w a s  found (Hosh izak iBs  va lue  being high.)  
Hoshizaki d i d  n o t  reference use of any gas d namic char ts ,  however 
it w a s  /earned32 t h a t  Hoskizaki used Z i e m e r i s s l  char t s  and, a f t e r  
p u b l i c a t i o n ,  w a s  aware t h a t  Z i e m e r ' s  c h a r t s  w e r e  ou tda ted ,  No 
f u r t h e r  i n v e s t i g a t i o n  w a s  m a d e  i n t o  the  reduct ion  procedures of 
Hoshizaki.  
u s i n g  r e fe rence  30, 

ZS 26 

A s  presented  i n  f igures  / $ a d  69, h i s  d a t a  has  been cor rec ted  

*It is of i n t e r e s t  t o  no te  t h a t  N e r e m 2 5  repor ted  t h i s  same d a t a  
i n  h i s  r e p o r t  a s  P / f o  = .16 and P1 = 1.0 rnm Hg. 

** P r i o r  t o  p u b l i c a t i o n  of t h i s  report. a te lephone conversa t ion  w i t h  
R. M N e r e m  revealed t h a t  N e r e n ~ * ~  w a s  aware, a f t e r  h i s  publicat . ion t h a t  
Z i e m e r  c h a r t s 3 1  w e r e  outdated. 
detachment d i s t a n c e s  were obtained experimentaly and w e r e  not: depen- 
d e n t  on t h e  d e n s i t y  r e l a t i o n  given i n  equat ion  ( 3 ) -  

However N e r e m  s t a t e d  t h a t  h i s  shock 
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d. 

Page W. A ,  e t  a127 tabula ted  h i s  experimental  r e s u l t s  i n  a form 

Reduction of Pagds Data 27 

where no reduct ion  of h i s  da ta  w a s  necessary.  H i s  e q u i l i b r i u m  
r a d i a t i o n  data  i s  p l o t t e d  i n  f igures  /8 and 19. 

One d i s t u r b i n g  feature of  Pages e t  a 1  Report is t h a t  he d i d  
c i t e  Z i e m e r ' s  gas dynamic charts.** This raises the*question a s  
t o  t he  r e l i a b i l i t y  of h i s  ca l cu la t ed  d e n s i t y  r a t io s .  As w a s  
no t iced  i n  t h e  d a t a  of Neren25 and Hoshizaki26, Z i e m e r ' s  c h a r t s  
tend t o  over  estimate these r a t i o s  f o r  a g iven  set of i n i t i a l  
shock t u b e  cond i t ions  w i t h  t h e  descrepancies  be ing  more pronounced 
a t  t h e  higher  d e n s i t y  values. Therefore ,  it m u s t  be concluded t h a t  
Page's d a t a  so p l o t t e d  i n  f i g u r e s  /B  and /P are a l s o  ques t ionab le  i n  
excess  of t h e i r  e x i b i t e d  experimental  s c a t t e r .  

3 .  Conclusions and General Remarks 

A s  pointed ou t  i n  t h e  preceding s e c t i o n s ,  publ ished r a d i a t i o n  
d a t a  obtained v i a  shock heated gas experiments is of ques t ion  - 
g r e a t l y  inf luenced by t h e  r e l i a b i l i t y  of gas  dymanic char ts  and 
theore t ica l  models used i n  descr ib ing  t h e  gas  cap. However it 
m u s t  be argued t h a t  t h e  above described means f o r  ob ta in ing  
r a d i a t i v e  data  are  r e p r e s a t a t i v e  of each o t h e r  w i t h i n  approximately 
a f a c t o r  of two (see f igu re / ? )  e 

* It shoulg3be noted here t h a t  u n t i l  r e c e n t  t i m e  gas  dynamic char t s  
by Feldman have been widely used  i n  shock t u b e  work. Feldman's 
char ts  w e r e  r e c e n t l y  expanded i n  terms of f l i g h t  condi t ions  and are 
represented by r e fe rence  3oe It i s  g e n e r a l l y  accepted t h a t  r e fe rence  
30 r e p r e s e n t s  t he  p resen t  s t a t e  of t h e  a r t  i n  shock t u b e  gas dynamic 
char t s .  

** Page a l s o  c i t e d  Feldman gas dynamic charts33, b u t  it i s  not  c lear  
a s  t o  which char ts  he a c t u a l l y  u s e d .  

z/ 
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